PEROXONE is an advanced oxidation process generated by combining ozone and hydrogen peroxide. This process stimulates the production of hydroxyl radicals, which have been shown to be superior to ozone for the destruction of some organic contaminants. In this study, pilot-scale experiments were conducted to evaluate the microbicidal effectiveness of PEROXONE and ozone against three model indicator groups. Escherichia coli and MS2 coliphage were seeded into the influent to the preozonation contactors of a pilot plant simulating conventional water treatment and were exposed to four ozone dosages (0.5, 1.0, 2.0, and 4.0 mg/liter), four hydrogen peroxide/ozone (H202/03) weight ratios (0, 0.3, 0.5, and 0.8), and four contact times (4, 5, 12, and 16 min) in two source waters-Colorado River water and state project water-of different quality. The removal of heterotrophic plate count bacteria was also monitored. Results of the study indicated that the microbicidal activity of PEROXONE was greatly affected by the applied ozone dose, H202/03 ratio, contact time, source water quality, and type of microorganism tested. At contact times of 5 min or less, ozone alone was a more potent bactericide than PEROXONE at all H202/03 ratios tested. However, this decrease in the bactericidal potency of PEROXONE was dramatic only as the H202/03 ratio was increased from 0.5 to 0.8. The fact that the bactericidal activity of PEROXONE generally decreased with increasing H202/03 ratios was thought to be related to the lower ozone residuals produced. The viricidal activity of PEROXONE and ozone was comparable at all of the H202/03 ratios. Heterotrophic plate count bacteria were the most resistant group of organisms. Greater inactivation of E. coli and MS2 was observed in Colorado River water than in state project water and appeared to result from differences in the turbidity and alkalinity of the two waters. Regardless of source water, >4.5 log10 of E. coli and MS2 was inactivated at an applied ozone dosage of 2.0 mg/liter (and a 4-min contact time) when the H202/03 ratio was .0.5. Comparative disinfection experiments indicated that free chlorine was the most potent bactericidal agent, followed (in descending order of effectiveness) by ozone, PEROXONE, and chloramines. These results indicate that the PEROXONE process must be optimized for each source water to achieve microbicidal effectiveness.
Increasing concern over the quality of drinking water in the United States has prompted the U.S. Environmental Protection Agency (U.S. EPA) to propose a number of new regulations for the control of chemical and microbiological contaminants. Amendments to the Safe Drinking Water Act of 1986 require the U.S. EPA to set maximum contaminant levels for 83 compounds, including Giardia spp. and enteric viruses (41) . By 1991, the maximum contaminant level for trihalomethanes will be lowered substantially from the current maximum contaminant level of 0.10 mg/liter, and standards will be promulgated for other disinfection by-products not previously regulated. In addition, as part of the Surface Water Treatment Rule, the U.S. EPA is expected to establish filtration and disinfection criteria for surface water supplies.
To meet these future regulations, utilities will have to use more sophisticated treatment techniques that minimize chemical contamination and still effectively control pathogens. One approach for the removal of disinfection byproducts or their precursors is to use granular activated carbon. Although granular activated carbon treatment is generally regarded as technically feasible, it is extremely expensive and may create bacteriological problems in the distribution system (13, 31, 46) . Another approach is to apply a powerful oxidant that does not form hazardous by-products and is an effective microbicidal agent. Ozone appears to be the most promising of the currently used * Corresponding author.
alternative disinfectants that meet these criteria (20) . It is the most potent drinking water disinfectant known (25, 35, 36) and produces significantly fewer mutagenic by-products than other commonly used disinfectants (33) . In addition, for many years, ozone has been successfully used in drinking water for taste and odor control and for removal of color, iron, and manganese.
Recent research has shown that the oxidizing capacity of the ozonation process can be increased significantly by the addition of hydrogen peroxide (10, 16, 22, 34) . This process, known as PEROXONE, promotes the production of highenergy, short-lived hydroxyl radicals (OH-) from the accelerated decomposition of ozone by hydrogen peroxide (22, 32, 42) . The OH radical attacks organic compounds indiscriminately and can oxidize some of them to carbon dioxide and water (32) . Although the chemistry of the PEROXONE process is still not completely understood, effective oxidation appears to be greatly dependent upon the applied ozone dosage, the hydrogen peroxide/ozone (H202/03) ratio, the contact time, and the composition of the raw water (2, 22) . The breakdown of ozone can also be catalyzed to enhance the production of OH radicals by placing ozone in a high-pH solution, combining UV light with ozone, and combining hydrogen peroxide with UV light (10, 22) . Techniques that promote the formation of the free OH radical are collectively known as advanced oxidation processes (22) .
Although the chemistry between ozone and hydrogen peroxide was studied as early as 1938 (9) , only recently has the combination of these two chemicals been used for water treatment. Aieta et al. (2) and Glaze and Kang (21) demonstrated that PEROXONE was superior to ozonation for the removal of trichloroethylene and tetrachloroethylene from groundwater. The results of bench-scale and preliminary pilot-scale tests reported by McGuire and Davis (32) indicated that PEROXONE was also superior to ozone for the removal of difficult-to-oxidize taste and odor compounds. Another benefit of the PEROXONE process is that it may be less expensive than ozonation because lower ozone dosages are required to achieve the same level of contaminant oxidation. Aieta et al. (2) determined that the PEROXONE process was approximately 200 to 300% less expensive than granular activated carbon treatment for the removal of trichloroethylene and tetrachloroethylene.
One question, however, that needs to be addressed is the effectiveness of PEROXONE for pathogen removal. To comply with the proposed requirements of the Surface Water Treatment Rule, systems must be capable of inactivating specified amounts of Giardia spp. and enteric viruses. The results of a preliminary test in our laboratory suggested that PEROXONE was comparable to ozone for disinfecting Escherichia coli (32) . Bayliss and Waites (5, 6) found that the simultaneous application of UV irradiation and hydrogen peroxide to generate OH radicals inactivated several groups of bacteria 150-to 4,000-fold more rapidly than the use of either disinfectant alone. Overath (37) showed that the rate of inactivation of E. coli by OH radicals generated from the reaction between ferrous sulfate and hydrogen peroxide occurred three times faster than by hydrogen peroxide alone.
The purpose of this study was to determine the microbicidal effectiveness of PEROXONE, making use of several common indicator organisms. E. coli (a fecal coliform) and MS2 (a coliphage) were selected because they have been frequently used for evaluating the microbicidal activity of disinfectants against enteric bacterial and viral pathogens. The treatment processes included preoxidation-predisinfection contactors, flash mixing, flocculation, sedimentation, and dual-media filtration, with facilities for the addition of hydrogen peroxide, chlorine, aqua ammonia, alum, polymers, and microorganisms.
Only the preoxidation-predisinfection contactors of the pilot plant were used in this study (Fig. 1) (iv) Chloramination testing. Chloramination of E. c oli and MS2 was also tested in the pilot plant. The chloramines were applied by means of a preammoniation technique. A 3% aqua ammonia solution was diluted with deionized water to 1,500 to 3,000 mg (as N) per liter. This diluted aqua ammonia was fed into the common influent line, and a concentrated (20,000 mg/liter) chlorine solution was applied at the entrance to each contactor. Feed rates for the chlorine and the aqua ammonia solution were adjusted until the desired free chlorine and total chlorine residuals were obtained in the effluent. Again, ultrapure nitrogen gas was injected into the contactors through an ozone-oxygen feed system at the same nominal gas flow rate as ozone.
Preparation of E. coli seed cultures. An E. coli strain was isolated from Weymouth plant influent and identified by means of a rapid biochemical system (API 20E; Analytab Products, Plainview, N.Y.). This organism was maintained in lauryl tryptose broth (Difco Laboratories, Detroit, Mich.) and periodically streaked onto R2A agar (Difco) to verify its purity. Between 18 and 20 h before each seeding experiment, 1 liter of tryptic soy broth (Difco) contained in a 2-liter Erlenmeyer flask was inoculated with 3.0 ml of a fresh (18 to 20 h) lauryl tryptose broth culture of E. c oli. The culture was placed in a shaker incubator (Orbit Environ-Shaker; LabLine Instruments, Inc., Melrose Park, Ill.), set at 35°C and 80 rpm, and incubated for 15 to 18 h. The cells were then harvested and washed twice with deionized water (Super Q; Millipore Corp., Bedford, Mass.) in a centrifuge (model B-20A; International Equipment Co., Needham Heights, Mass.) at 5°C and 3,000 rpm x g for 10 min. The supernatant was aspirated out, and the pellets were suspended in 20 ml of a sterile seed-water solution. This solution was prepared by adding 500 ml of dechlorinated cold tap water to 500 ml of Super Q water and then sterilized by autoclaving. This bacterial suspension was then diluted into 1 liter of the seed water so that the final titer of E. coli was approximately 109 CFU/ml.
Preparation of MS2 seed cultures. Viral seeding studies were performed with the bacteriophage MS2 (strain ATCC 15597-B 1; American Type Culture Collection, Rockville, Md.). The bacterial host was E. coli (strain ATCC 15597). This virus is recommended by the U.S. EPA for simulating the inactivation of enteric viruses (43) . The procedures for host preparation and MS2 propagation are as described in the U.S. EPA Guidance Manual for the Surface Water Treatment Rule (43) .
Virus propagation was performed using the double-agar overlay procedure (1) . The bacterial host was grown overnight at 35°C in tryptone-yeast extract broth. A portion (0.1 ml) of the bacterial broth solution was added to a tube containing 3 ml of top agar (43) . Reconstituted MS2 bacteriophage (1 ml), titered at 104 to 106 PFU/ml, was added to the tube, and the suspension was mixed and poured into a petri dish containing bottom agar (43) . After cooling, the dishes were inverted and incubated at 35°C overnight. After incubation, 2 to 3 ml of sterile Super Q water was added to the surface of each plate. The top agar layer was gently scraped off, placed in a centrifuge tube containing EDTA (5 x 10-3 g/ml of suspension) and lysozyme (6.5 x 10-4 g/ml of suspension), and then incubated at room temperature (23°C) for 2 h with occasional vortex mixing. The mixture was centrifuged (for 30 min at 3,000 rpm x g) and filtered through a 0.22-p.m-pore-size filter (Nalgene; Nalge Co., Rochester, N.Y.). The resulting filtrate, containing MS2 at a concentration of approximately 1011 PFU/ml, was stored at 4°C and used as the viral stock solution. Seed solutions were made by diluting 50 to 70 ml of stock virus to 1 liter with sterile deionized water (Super Q; Millipore). The virus seeding solution had a final titer of 108 to 109 PFU/ml.
Seeding protocol for microorganisms. Before the microorganisms were seeded, samples were collected and analyzed to determine background levels of total coliforms, fecal coliforms, and coliphages in the source waters. Typically, the levels of total and fecal coliforms in the influent ranged from a most probable number (MPN) of 50 to 100/100 ml and less than 20 CFU/100 ml. Background coliphage levels were usually <1 PFU/100 ml. The E. coli and MS2 seed suspensions were fed sequentially into the pilot-plant influent at a flow rate of 23 ml/min with a peristaltic pump (Masterflex 07520-25; Cole-Parmer Instrument Co., Chicago, Ill.). This resulted in approximately a 1,000-fold dilution of seed suspensions into the pilot plant. The suspensions were pumped for approximately 45 min, during which time they were continuously mixed on a stir plate. To ascertain steady-state feed, samples were collected immediately downstream of the injection point (site PIB in Fig. 1 ) after 2 min of pumping and at the end of the experiment. In addition, tracer studies with seeded E. coli indicated that steady-state feed conditions could be reliably achieved. Samples from the ozone contactor effluent (OE in Fig. 1 ) were initially collected 10 min after the calculated retention time for each contactor and then at 5-and 10-min intervals until a minimum of three samples had been collected. This was done to ensure a consistent loading of microorganisms to the contactors. A 250-ml sample was collected from the contactor effluent in sterile bottles containing sodium thiosulfate (3) to neutralize ozone, chlorine, or chloramines. Catalase (in a concentration sufficient to neutralize 29 mg of H202 per liter) was added to the sodium thiosulfate to neutralize residual hydrogen peroxide in experiments using PEROXONE.
The samples were placed on ice and transported to the laboratory, where they were processed within 4 h. E. coli was enumerated in triplicate analyses by plating portions on M-Endo agar (3), whereas MS2 was enumerated in six replicate analyses by the double-agar overlay procedure. Selected colonies on M-Endo were streaked for purity and identified biochemically (API 20E system; Analytab) to ensure that the organisms were E. coli of the same biotype used for the seeding experiments. HPC bacteria were analyzed in triplicate by membrane filtration on R2A agar. The colonies were enumerated after incubation at 28°C for 7 days.
Chemical parameters measured. Temperature, pH, free and total chlorine residual, and turbidity were measured on site, whereas the ozone residual, ammonia, hydrogen peroxide, total organic carbon, and alkalinity were analyzed in the laboratory. Ozone residuals were measured with a UV/VIS spectrophotometer (Lambda 5; Perkin-Elmer Corp., Irvine, Calif.) with indigo trisulfonate reagent (4). Hydrogen peroxide was analyzed by a fluorescence spectrophotometer (model 650-1OS; Perkin-Elmer) (29) . Free and total chlorine residuals were analyzed with a commercially available colorimeter (model DR1A; Hach Co., Loveland, Colo.), and the results were checked periodically by amperometric titration (3). Turbidity was measured by a turbidimeter (model 2100A; Hach), and ammonia-nitrogen concentrations were determined with an expandable ion analyzer (model EA920; Orion Research, Inc., Mission Viejo, Calif.). Total organic carbon was measured by the persulfate-UV oxidation method described previously (3), using a total organic carbon analyzer (model DC-80; Rosemount Analytical Div., Dohrmann, Santa Clara, Calif.). Alkalinity was determined by the procedure outlined previously (3). (Fig. 2) . The amount of E. coli inactivation in SPW was usually smaller than that which occurred in CRW and was most apparent at the low ozone dosages (Fig. 2) . These variations corresponded to the significantly higher ozone residuals in CRW (paired t test, P = 0.001), compared with those in SPW ( Table 2 ). The most notable water quality differences in the two source waters were in their turbidity and alkalinity: SPW had a higher turbidity (2.95 versus 1.11 nephelometric turbidity units) and a lower alkalinity (85 versus 130 mg/liter) than those of CRW (Table 1) , which may have accounted for their differing ozone residuals.
The overall degree of E. coli inactivation was dependent upon the residual ozone concentration (Fig. 3) . When the ozone residual was less than approximately 0.1 mg/liter after a 4-min contact time, the amount of E. coli inactivated varied from <1 to >5 log1o. When the residual ozone concentration was >0.1 mg/liter, however, >6 log10 was consistently inactivated.
(ii) MS2 inactivation. The bacteriophage inactivation results were different from the E. coli results in that increasing the H202/03 ratios did not appreciably reduce the amount of MS2 inactivated. In SPW, at an applied ozone dosage of 2.0 mg/liter, with H202/03 ratios of 0, 0.3, 0.5, and 0.8, the amounts of MS2 inactivation were 5.8, 5.7, 5.7, and 4.4 log1o, respectively (Fig. 4) . As was the case for E. coli, the type of water source had a significant effect on the amount of MS2 inactivated. At 1.0 mg of applied ozone per liter (regardless of H202/03 ratio), >6 log1( of MS2 was inactivated in CRW, whereas <2.5 log1o of MS2 was inactivated in SPW (Fig. 4) . Similarly, when the ozone residual was less than approximately 0.05 mg/liter, the amount of MS2 inactivated varied considerably (Fig. 5) bacteria indicated that these organisms were several orders of magnitude more resistant to PEROXONE and ozone than were E. coli and MS2. For example, at an applied ozone dose of 2 mg/liter in SPW, the amount of inactivation of HPC bacteria ranged from 1.2 to 2.5 log1o, depending upon the H202/03 ratio; at the same applied dosage, >5 log1o of E. coli and MS2 was inactivated except at the highest H202/03 ratio of 0.8 ( Fig. 2 and 6 ). Although the amount of HPC inactivation was influenced by the H202/03 ratio, the results were not as dramatic as they were for E. coli. In CRW, the HPC levels in the contactor effluent were always <100 CFU/ml (regardless of H202/03 ratio) when the applied ozone dosage was .2.0 mg/liter. In SPW, however, approximately 2,000 CFU/ml was recovered in the contactor effluent at 2.0 mg of PEROXONE per liter (H202/03 ratio, 0.8; see Fig. 6 ). The higher numbers of HPC bacteria surviving disinfection in SPW were primarily a result of differences in the influent levels: SPW averaged approximately 1.5 log1o higher HPC levels than CRW. The levels of HPC bacteria in the contactor effluent when SPW was treated with PEROX-ONE were <500 CFU/ml only when the applied ozone dosage was 4.0 mg/liter. As was the case for the other microorganisms, a threshold relationship existed between the amount of HPC inactivation and the ozone residual (Fig.  7) Table 3 ). The HPC results showed that no additional inactivation occurred beyond 5 min (Fig. 9) . Instead, the amount of inactivation was governed by the applied ozone dosage and the H,O/O03 ratio. Experiment 3: disinfection comparison of ozone, PEROX-ONE, chlorine, and chloramines. An experiment was conducted to determine the potency of PEROXONE compared with those of ozone, free chlorine, and chloramines (formed by preammoniation). E. coli and MS2 were seeded in the pilot plant and exposed to 1.0-and 2.0-mg/liter dosages of these disinfectants for a 5-min contact time. (These concen- trations represent applied dosages for ozone and PEROX-ONE and residual levels for free or total chlorine in the contactor effluent). Chloramine-treated samples were exposed to additional contact times of 12 and 16 min. Results with E. coli showed that free chlorine was the most potent bactericide, followed in descending order of effectiveness by ozone, PEROXONE (0.3 H.O2/O3 ratio), and chloramines ( Fig. 10) . At a disinfectant concentration of 1 mg/liter, the amounts of E. (oli killed were 7.7, 3.0, 1.4, and 1.0 log,( for chlorine, ozone, PEROXONE, and chloramines, respectively (Fig. 10) . For chloramines, increasing the contact time from 5 min to 12 and 16 min produced only a moderate increase (approximately 1 log10) in the amount of inactivation. Increasing the disinfectant dosage from 1.0 to 2.0 mg/liter, at a 5-min contact time, resulted in considerable increases in E. coli inactivation for ozone and PEROXONE but only a 1-log10 increase in kill for chloramines. The results of the virus studies (at a dosage of 1.0 mg/liter) indicated that all the disinfectants, with the exception of chloramines, produced nearly 5 log,0 of MS2 inactivation (Fig. 11) An important part of this study was evaluating the microbicidal activity of OH-radicals generated by the PEROX-ONE process. Because OH-radicals cannot be measured directly, it was necessary to experiment with different H20,/ 03 ratios to optimize the use of PEROXONE for disinfection and production of OH-radicals. Based on theoretical stoichiometry in pure water, the optimum H202/03 ratio for OHradical formation is a molar ratio of 0.50 or a weight ratio of 0.35 (22) . In general, we observed that the bactericidal activity of PEROXONE decreased with increasing H202/03 ratio. This decrease appeared to be related to the residual ozone concentration in the contactor effluent. Lower ozone residuals were observed at the higher H2O2/03 ratios. These results suggest that the more active bactericidal agent in the PEROXONE process is the ozone molecule rather than the OH-radical. It is believed that OH-radicals inactivate bacterial and mammalian cells through interaction with nucleic acid rather than with the cellular membrane (45 potent viricidal agent than the OH radical. The results of experiments conducted by Harakeh and Butler (23) showed that the rate of inactivation of poliovirus 1 in activated sludge effluent was significantly enhanced in the presence of bicarbonate, a scavenger of the OH radical. However, Peleg (38) indicated that the reaction between OH radicals and microorganisms is highly dependent upon the water quality. He posited that in highly purified waters, the OH radical would be available to react with microorganisms, whereas in nonpurified waters, the radical would be preempted by preferential reactions with the organic substrates present. Source water quality appeared to have a significant impact on the inactivation of E. coli and MS2. Typically, greater levels of inactivation were observed in CRW than in SPW, which appeared to be a result of the higher ozone residuals in CRW. This observation lends further support to the theory that the ozone molecule is the active microbicidal agent. The higher ozone residuals in CRW may have been caused by the comparatively lower turbidity levels of this source water. The mean turbidity of SPW during the period of study was usually about three times greater than that of CRW and was occasionally five or six times greater. In addition to exerting greater ozone demand, the increased turbidity levels could have afforded the microorganisms physical protection from disinfection (8, 24, 30) . Foster et al. (19) found that turbidity levels of 5 nephelometric turbidity units provided protection of fecal coliforms when the ozone residual was c0.10 mg/liter. However, no protection from disinfection was observed when the turbidity was .1 nephelometric turbidity units. In evaluating factors influencing fecal coliform inactivation by ozone in wastewater, Budde et al. (11) determined that turbidity was the most significant factor. Another explanation for the higher ozone residuals in CRW is that SPW may contain higher levels of naturally occurring compounds that accelerate the decomposition of ozone. Alternatively, CRW may contain greater concentrations of compounds that stabilize the ozone residual. It has been shown that constituents of alkalinity can scavenge the OH radical, thereby slowing the decomposition rate of ozone (21) . During the period of investigation, CRW had an alkalinity level approximately 1.5 An additional assumption in the calculation of CT values is that the inactivation process conforms to a linear function. The results of this study indicated that the inactivation kinetics were usually nonlinear, with the rate of inactivation declining with increasing contact time. In many cases, no additional inactivation occurred beyond 5 min of exposure. It appeared that the residual ozone concentration was more important than contact time in determining the overall amount of inactivation. These results are consistent with those obtained by a number of other researchers (18, 28, 40, 44) . Although not all the reasons for the nonlinear inactivation rate with ozone are known, it is believed that clumping (12, 28) or the presence of disinfectant-resistant subpopulations (7) contributes to this phenomenon. Our results suggest that a linear CT concept may not be valid for modeling the inactivation of bacterial and viral pathogens by PEROXONE and ozone.
One option for ensuring effective microbicidal performance by ozone and PEROXONE would be to apply a sufficient ozone dosage to achieve a specified residual that is capable of disinfecting pathogens under the majority of source water quality conditions expected. this study, an ozone residual of at least 0.10 mg/liter in the contactor effluent consistently inactivated >6 log1o E. coli and MS2 in both source waters at a 4-min contact time, regardless of H202/03 ratio. Achieving this level of residual would require higher applied ozone dosages when applying hydrogen peroxide. This minimum residual-minimum contact time approach has been adopted in France as a guideline for effective ozone disinfection, based on work by Coin et al. (14) . These researchers demonstrated that 99.99% inactivation of poliovirus 2 and 3 was always achieved with an ozone residual of 0.3 mg/liter after a 4-min contact time.
This approach still needs to be evaluated with pathogens, including protozoan cysts such as Giardia and Cryptosporidium spp., which are more resistant to disinfection than are E. coli and the viruses. Although E. coli is believed to be a good indicator for the inactivation of enteric bacterial pathogens such as Salmonella and Shigella spp. by ozone, chlorine, and chloramines, no information is available on the destruction of these pathogens by PEROXONE. Also, since our results showed that the HPC group was considerably more resistant than E. coli to PEROXONE and ozone, additional research may prove this group to be useful indicators of the inactivation of resistant pathogens.
Similarly, although the MS2 coliphage has been demonstrated to be an acceptable model for the inactivation of several enteric viruses by free chlorine and chloramines (41) , no information could be found to evaluate this organism as a model for virus inactivation by non-chlorine-based disinfectants. Other coliphages, such as f2 and T2, have been shown to be less resistant than enteric viruses to ozone (17, 28, 39) . However, it is difficult to fully evaluate the usefulness of coliphages as indicators of enteric viral inactivation because of numerous experimental differences in the disinfection literature. These include differences in the analytical techniques for ozone measurement, the quality of the water, and the strain variability of the test organisms (35) . As an example of the latter, the resistance of poliovirus 1 to ozone has been shown to vary more than 80-fold depending upon the strain used (17, 35) .
Unexpectedly, the results of disinfection experiments with chlorine and chloramines (at a dosage of 1.0 mg/liter and a contact time of 5 min) in SPW showed that free chlorine was a more potent bactericidal agent than either ozone or PER-OXONE. This was surprising, as other reports have generally indicated that ozone inactivates bacteria more rapidly than chlorine (25, 35) . However, most of the previous comparative studies were conducted in distilled water under demand-free conditions, whereas this study was conducted with raw water. It is possible that the difference in water type accounted for the divergent results. This hypothesis is supported by our observations that greater levels of E. coli and MS2 inactivation occurred in CRW, which had a lower turbidity level than SPW, suggesting that the chemical composition of the raw water may selectively affect disinfectants. Diaper (15) reported the results of a pilot-scale study in wastewater that compared the bactericidal activities of chlorine and ozone. In that study, it was observed that chlorination produced lower levels of total coliforms, E. coli, and HPC bacteria in the effluent than did ozonation. However, the ozone dosages and residuals were not reported.
Chloramines were comparatively weak bactericidal and viricidal agents, even at 2.0 mg/liter with contact times up to 16 min. This finding is consistent with other reports in the literature on the microbicidal activity of chloramines (25, 35, 36, 47) and underscores the need for added contact time when using this disinfectant. 
